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Background: In paediatric clinical practice treatment is often adjusted in relation to body size, for example
the calculation of pharmacological and dialysis dosages. In addition to use of body weight, for some
purposes total body water (TBW) and surface area are estimated from anthropometry using equations
developed several decades previously. Whether such equations remain valid in contemporary populations
is not known.
Methods: Total body water was measured using deuterium dilution in 672 subjects (265 infants aged ,1
year; 407 children and adolescents aged 1–19 years) during the period 1990–2003. TBW was predicted
(a) using published equations, and (b) directly from data on age, sex, weight, and height.
Results: Previously published equations, based on data obtained before 1970, significantly overestimated
TBW, with average biases ranging from 4% to 11%. For all equations, the overestimation of TBW was
greatest in infancy. New equations were generated. The best equation, incorporating log weight, log
height, age, and sex, had a standard error of the estimate of 7.8%.
Conclusions: Secular trends in the nutritional status of infants and children are altering the relation
between age or weight and TBW. Equations developed in previous decades significantly overestimate
TBW in all age groups, especially infancy; however, the relation between TBW and weight may continue to
change. This scenario is predicted to apply more generally to many aspects of paediatric clinical practice
in which dosages are calculated on the basis of anthropometric data collected in previous decades.

I
n paediatric clinical practice, many medicines and treat-
ments are tailored to children’s size on the basis of either
body weight, predicted total body water (TBW), or pre-

dicted surface area. For example, fluid and energy require-
ments in parenteral nutrition can be estimated on the basis of
TBW, as can many pharmacological dosages1 and peritoneal
dialysis dosages.1 2 Anecdotal evidence suggests that for
many scenarios, treatment remains adjusted in relation to
body weight, and little attention is directed to the composi-
tion of that weight. However, for dialysis dosages, there is
increasing recognition of the importance of estimating TBW
with accuracy.2 In addition to clinical practice, the prediction
of TBW is also useful in paediatric research studies; for
example, when applying the deuterium dose-to-the-mother
method for measurement of breast milk transfer.3 4

Although TBW can be measured using non-radioactive
stable isotopes, this procedure is rarely undertaken in clinical
practice due to the lengthy duration of the procedure. TBW
can be predicted instead from anthropometry, with two
equations, both published several decades ago, widely used.
Friis-Hansen5 derived equations from a sample of 35 infants
aged ,1 year, and 50 children aged from 1 to 13 years, with
69% of the sample being males. Mellits and Cheek6 derived
equations for 251 subjects aged ,21 years, with their sample
incorporating the data of Friis-Hansen. These equations were
updated recently with the addition of 101 new data points by
Morgenstern and colleagues,1 but the new equations remain
heavily dependent on the older data which still comprise 70%
of the sample, and the equations of Mellits and Cheek remain
recommended2 for calculation of dialysis dosages.
Equations derived in previous decades are not necessarily

valid for contemporary infants and children, due to secular
trends in growth and nutritional status. Many western
populations are experiencing a marked increase in the
prevalence of childhood obesity.7 8 Importantly, increases in
fatness appear to be even greater than increases in body mass
index (BMI). Several studies have shown an increase in fat
content,9–11 and increased central distribution of fat,12 for a

given BMI value. Where average body fat content has
increased, the relation between anthropometry and TBW is
predicted likewise to have changed. However, this issue has
not received attention.
The aims of the present study were: (1) to re-evaluate

existing prediction equations, in order to quantify the
magnitude of bias when applied to contemporary subjects;
and (2) to derive revised equations using a database of 672
infants and children measured since 1990.

METHODS
Measurements of TBW were made in several studies of body
composition and energy metabolism conducted in
Cambridge, UK, between 1990 and 2003. These studies have
been described previously.13–16 New data have also been
collected in an ongoing study of body composition in London.
Ethical permission for these studies was granted by
Cambridge Local Research Ethics Committee, the former
MRC Dunn Nutrition Unit, and by the Ethical Committee of
Great Ormond Street Hospital and the Institute of Child
Health. Written informed consent was obtained from
participants, or from parents in the case of minors. The
protocol adhered to the Declaration of Helsinki.
Measurement of TBW by stable isotope dilution requires

administration of a dose of water labelled with either 2H or
18O. After equilibration of this dose with the body water pool
is complete, the enrichment of body fluids (saliva, urine or
serum) can be used to calculate the dilution space (N) using
simple dilution principles:

where A is the dose of isotope in grams, a is the portion of
the dose in grams retained for mass spectrometer analysis, T
is the amount of tap water in which the portion a is diluted
before analysis, and Ea, Et, Ep, and Es are the isotopic
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enrichments in delta units of the portion of dose, the tap
water used, the pre-dose urine sample, and the post-dose
urine sample.17 Delta units express isotopic enrichment
relative to a standard, in this case Vienna-Standard Mean
Ocean Water.
There are two approaches to calculating TBW from isotopic

data, known as the plateau method and the back extrapola-
tion method.17 In the plateau method, a single biological fluid
sample is collected post-dose, and used as the value of Es in
the above equation. In the back extrapolation method, Es is
predicted from the washout kinetics of the isotope over
several days following the dose. In adults, these two methods
give very similar answers, but in infants, when water
turnover is more rapid, the plateau method significantly
overestimates TBW, due to dilution of the dose by unlabelled
water during the equilibration period.18 In our sample, TBW
was calculated by the back extrapolation method in all
children and infants aged under 2 years, but by either
method in children aged 2 years or older, when the two
methods give values with minimal difference.
Both 2H and 18O overestimate TBW, due to their exchange

with non-aqueous exchangeable hydrogen and oxygen. The
extent of this exchange has been considered previously in
both adults19 and infants.20 In adults and children, between-
subject variation in the relative ratio of the dilution spaces of
the two isotopes can be attributed primarily to error in the
analysis of isotopic enrichments,21 although body composi-
tion may also exert effects. Conventionally, the 18O dilution
space (NO) is converted to TBW by dividing by a factor of
1.01, and the 2H dilution space (ND) by dividing by a factor of
1.044.19 In infants, variation in the relative overestimation of
TBW by ND is partly due to the marked variability in body
fatness that occurs during early life.20 However, in the present
study all infants had both isotope spaces available. Infant
TBW was therefore calculated as NO/1.01, and child TBW was
calculated likewise where NO was available, or otherwise as
ND/1.044.
Age, gender, weight, and height were recorded in all

subjects. In infants, weight was recorded accurate to 20 g
using Seca 727 electronic scales. Length was recorded using a
Harpenden infantometer. In children, weight was measured
on electronic scales accurate to 0.01 kg, and height using
portable or wall mounted stadiometers. Body mass index
(BMI) was calculated as weight (kg) divided by the square of
height (m). Data on weight, height, and BMI were converted
into standard deviation scores (SDS), using UK 1990
reference data.22 23 Data from the samples of Friis-Hansen5

Ta
b
le

1
D
es
cr
ip
tio

n
of

th
e
sa
m
pl
e

A
g
e
(y
)

M
/F

W
ei
g
ht

(k
g
)

H
ei
g
ht

(c
m
)

TB
W

(l)
W
ei
g
ht

SD
S

H
ei
g
ht

SD
S

BM
I
SD

S

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

M
ea

n
SD

1
.5

m
th

0
.1
0

0
.0
1

2
0
/2

9
4
.5

0
.5

5
5

2
2
.9

0
.3

0
.0

0
.8

2
0
.0

0
.9

0
.1

0
.8

3
m
th

0
.2
2

0
.0
2

6
3
/7

7
5
.9

0
.6

6
0

2
3
.5

0
.4

0
.1
*

0
.8

0
.2
*

0
.9

2
0
.0

0
.9

6
m
th

0
.5
0

0
.0
1

1
3
/2

4
7
.7

0
.8

6
7

2
4
.4

0
.4

2
0
.1

1
.0

0
.1

1
.1

2
0
.2

0
.9

9
m
th

0
.7
6

0
.0
1

1
3
/2

5
8
.9

1
.1

7
2

3
5
.1

0
.7

2
0
.1

1
.2

0
.3

1
.2

2
0
.3

1
.3

1
2
m
th

1
.0
1

0
.0
1

1
0
/8

1
0
.3

1
.4

7
7

4
6
.0

0
.8

0
.3

1
.1

0
.7
*

1
.4

2
0
.2

1
.0

1
y

1
.8

0
.1

1
1
/1

0
1
2
.0

1
.2

8
6

4
7
.3

0
.9

0
.0

0
.8

0
.3

1
.2

2
0
.3

1
.2

2
y

2
.4

0
.3

3
0
/2

5
1
3
.7

1
.7

9
1

5
8
.4

1
.2

0
.3
*

1
.0

0
.2

1
.0

0
.2

1
.0

3
y

3
.4

0
.3

1
6
/2

0
1
5
.6

1
.9

9
9

5
9
.0

1
.0

0
.2

0
.9

0
.2

1
.1

0
.1

1
.1

4
y

4
.4

0
.2

1
2
/6

1
8
.5

2
.8

1
0
6

5
1
0
.5

1
.4

0
.5

1
.1

0
.2

0
.9

0
.5

1
.2

5
y

5
.4

0
.2

1
0
/1

1
2
0
.7

4
.0

1
1
1

5
1
2
.5

1
.8

0
.3

1
.2

2
0
.1

1
.1

0
.6
*

1
.2

6
y

6
.6

0
.3

1
6
/1

4
2
3
.5

2
.7

1
2
0

5
1
4
.2

1
.7

0
.4
*

0
.8

0
.3

1
.0

0
.4
*

0
.5

7
y

7
.4

0
.3

1
1
/1

4
2
5
.7

5
.8

1
2
4

5
1
5
.0

2
.7

0
.2

1
.2

0
.0

0
.9

0
.3

1
.2

8
y

8
.4

0
.2

1
3
/1

5
2
8
.4

6
.4

1
2
8

6
1
6
.1

2
.5

0
.1

1
.0

2
0
.2

0
.9

0
.4
*

0
.9

9
y

9
.5

0
.2

1
7
/1

7
3
2
.9

5
.2

1
3
7

6
1
8
.6

2
.0

0
.4
*

0
.9

0
.2

0
.9

0
.4
*

1
.0

1
0
y

1
0
.4

0
.3

1
6
/1

3
3
6
.5

7
.4

1
4
0

6
2
0
.3

3
.0

0
.3

1
.0

2
0
.0

1
.0

0
.5
*

1
.2

1
1
y

1
1
.3

0
.2

1
5
/1

4
4
0
.0

7
.1

1
4
7

5
2
2
.6

2
.7

0
.4
*

0
.8

0
.3

0
.7

0
.3

1
.0

.
1
1
y

1
4
.9

2
.0

3
2
/3

2
5
8
.5

1
6
.1

1
6
3

1
1

3
1
.9

8
.4

0
.5
*

1
.3

0
.1

1
.4

0
.6
*

1
.3

To
ta
ls
am

pl
e

3
1
8
/3

5
4

0
.2
*

1
.0

0
.2
*

1
.0

0
.2
*

1
.0

*S
D

sc
or
e
si
gn

ifi
ca
nt
ly

di
ffe

re
nt

fr
om

ze
ro
,
p,

0
.0
5
.

M
,
m
al
e;

F,
fe
m
al
e;

y,
ye
ar
s;

m
th
,
m
on

th
s;

kg
,
ki
lo
gr
am

s;
cm

,
ce
nt
im

et
re
s;

l,
lit
re
s.

80

70

60

40

50

30

20

0

10

20
Age (years)

TB
W

 (I
)

0 18161412108642

Figure 1 Plot of total body water (litres) against age in 672 infants and
children.
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and Mellits and Cheek6 were also converted to SDS format for
comparison.
The equations of Friis-Hansen are age specific, as follows:

N TBW = k(WT0.790) (HT0.425)

whereWT is weight in kg, HT is height in cm, and the value
of k is 0.177 for subjects aged 11 days to 0.5 years; 0.153 for
subjects 0.5 to 2 years; 0.195 for subjects aged 2 years to 7
years; and 0.150 for subjects aged 7 to 16 years.
The equations of Mellits and Cheek are height and sex

specific, as follows:

N Boys(132.7 cm: TBW = 21.927 + (0.465WT) + (0.045HT)

N Boys>132.7 cm: TBW = 221.993 + (0.406WT) + (0.209HT)

N Girls (110.8 cm: TBW = 0.076 + (0.507WT) + (0.013HT)

N Girls>110.8 cm: TBW = 210.313 + (0.252WT) + (0.154HT)

The new age and sex specific equations of Morgenstern et al
(2002) were also evaluated, and are as follows:

N Infants 0–3 mth: TBW = 0.887(WT)0.83

N Boys 3 mth–13 y: TBW = 0.846(WT.HT)0.83

N Girls 3 mth–13 y: TBW = 0.08037(WT.HT)0.65

N Boys .13 y: TBW = 0.0758(WT.HT)0.69

N Girls .13 y: TBW = 0.063672(WT.HT)0.69

Agreement between predicted and measured values was
assessed using the method of Bland and Altman.24

For the derivation of new equations, data on total body
water, weight, and height were transformed to natural log
values to obtain a normal distribution. Initial models
included a single term (logWT or logHT, with weight in kg
and height in cm) for the prediction of logTBW, with further
models adding terms (first the combination of logWT and
logHT, then adding in age in years and sex (males=0;
females=1)) in order to evaluate their effect on the r2 value
and standard error of the estimate (SEE).
To cross-validate the equations, TBW was measured in a

further 35 additional children aged 3–11 years, and the bias
of TBW predicted using the new equations assessed.

RESULTS
Description of the sample
Table 1 presents a description of the sample of 672
individuals according to age and sex, and weight, height,
and BMI status relative to current UK reference data. Due to
the comparatively low number of adolescents, those aged 12–
19 years are considered as a single age category. Weight SDS
averaged 0.2 (SD 1.0) in the whole sample, up to 11 years,
ranging from 20.1 at 6 months to 0.5 at 4 years. Adolescents
aged .11 years were consistently heavier, at 0.5 (SD 1.3)
SDS. Height SD score averaged 0.2 (SD 1.0) in the whole
sample, ranging from 20.1 at 8 years to 0.7 at 12 months.
However, except at 12 months where the sample size was
relatively small, the values were (0.3. BMI SD score
averaged 0.2 (SD 1.0) in the entire sample, ranging from
20.3 (9 months) to 0.6 (5 years and .11 years). In general,
there was a trend towards increasing weight SDS, but not
height SDS, with increasing age, so that the correlation
between BMI SDS and age was 0.20 (p , 0.001). The
number of subjects with BMI SDS .95th centile was 59, or
8.8% of the sample. The relation between TBW and age in the
whole sample is given in fig 1.

Evaluation of published data on weight and height
The SD scores for the Mellits and Cheek sample (which
include the Friis-Hansen data and which also comprise the
majority of the sample of Morgenstern et al) could be

calculated for weight in 224 subjects, and for height and BMI
in 179 subjects. On average, the sample is significantly
shorter and lighter relative to current UK reference data
(weight SDS: mean20.5, SD 1.4; height SDS: mean 20.3, SD
1.2; BMI SDS: mean 20.5; SD 1.3; all significant at
p , 0.001). These deficits differed between the sexes for
weight SDS (boys 20.3 (SD 1.3) versus girls 20.7 (SD 1.6);
p=0.05) and BMI SDS (boys 20.4 (SD 1.4) versus girls 20.7
(SD 1.1); p=0.08); however, the sex difference in height SDS
was in the opposite direction and did not approach
significance (boys 20.4 (SD 1.2); girls 20.2 (SD 1.1);
p=0.23).
These secular trends in weight and length can be attributed

to primarily to infancy, whereas the children in the sample of
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Figure 2 (A) Percent difference in TBW (predicted – measured values)
using the formula of Friis-Hansen.4 (B) Percent difference in TBW
(predicted – measured values) using the formula of Mellits and Cheek.5

(C) Percent difference in TBW (predicted – measured values) using the
formula of Morgenstern et al.1
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Mellits and Cheek have mean SDS values close to zero. Two
effects are therefore apparent. Relative to UK 1990 reference
data, the Mellits and Cheek infants have significantly
reduced weight whereas the infants in our sample are
representative. In contrast, the Mellits and Cheek children
are similar to the 1990 reference data whereas the children in
our sample are significantly heavier. In each case, there is a
mismatch in relative weight between the sample of Mellits
and Cheek and our own.

Evaluation of published equations for predicting TBW
Figure 2 shows the difference between predicted and
measured TBW for the three equations. Details of the Bland
and Altman analyses are given in tables 2 and 3. Average
differences were 11.5% for Friis-Hansen, 4.0% for Mellits and
Cheek, and 7.0% for Morgenstern et al, in each case highly
significant. For all three equations, the overestimation was
approximately twice as high in infancy as subsequently,
while the Friis-Hansen and Mellits and Cheek equations also
showed significantly greater bias in girls compared to boys.
The confidence intervals were also high for all three
equations, with errors (positive or negative) of .15% in
40% of subjects for Friis-Hansen, 14% for Mellits and Cheek,
and 17% for Morgenstern et al. For the equations of both
Friis-Hansen and Morgenstern et al there was a significant
correlation between the bias and BMI SD score, while the
bias was also related to the magnitude of TBW in the Friis-
Hansen and Mellits and Cheek equations.

Derivation of new predictive equations
New equations generated from the current sample are given
in table 4. Using logWT alone, logTBW was predicted with a
standard error of the estimate of 9.5%, with the equation
accounting for 98.5% of the variability. LogHT was less
successful, with a standard error of 11.2%. Using the
combination of logWT and logHT, the standard error was
reduced to 8.2%. When age and sex were also introduced into
the model, the standard error decreased to 7.8%, with the
equation accounting for 99.0% of the variability. There were
no significant interactions of sex with weight, height, or age.
The optimum equation is that incorporating age and sex
terms, as the regression coefficients show that females on
average have 5% lower TBW, while for each year of age,
independently of weight and height, TBW increases by 0.8%.
Two worked examples are given in the appendix.
The 35 children in the cross-validation assessment aver-

aged 7.5 years (range 3–11 years). Mean (SD) was 27.6 (8.4)
kg for weight, 124.3 (14.3) m for height, and 0.6 (1.2) for
BMI SDS. Mean (SD) bias in predicted TBW was 20.03
(0.93) l (p=0.83), and was similar in boys (0.02 (1.01) l;
p=0.92) and girls (20.12 (0.82) l; p=0.60). There were
moderate but significant correlations between the bias and
age (r=0.38, p=0.025) and BMI SDS (r=0.38, p=0.026).
There was no correlation between age and BMI SDS in these
children (r=0.08), and in a multiple regression model the

two factors were independent significant predictors of the
bias, with an r2 value of 0.31.

DISCUSSION
Our study shows that the use of TBW prediction equations
published in previous decades significantly overestimates TBW
on average, while also predicting TBW with .15% error in a
substantial proportion of subjects. These findings have
implications for all aspects of paediatric clinical practice in
which the prediction of TBW is used to guide treatment, and
have broader relevance to scenarios where other indices of size,
such as weight or surface area, are used for the same purpose.
Over recent decades, children have become heavier and

fatter. Compared to US reference data collected between 1963
and 1975, we estimated that children in Cambridge measured
in the 1990s were 23% (boys) and 35% (girls) fatter.11 This
increase seems to have occurred alongside a decrease in
children’s lean mass, probably due to decreasing activity
levels, so that underlying the change in weight there have
been even more marked changes in body composition.11 To
some extent, this increase in fatness is evident in greater
weight, and hence greater BMI. However, several studies
have shown that fat content has increased even when BMI is
held constant, indicating a secular trend in fatness that is
distinct from the secular trend in weight.9–12

Although secular trends in weight also appear to have
occurred in infants, the increase appears to have occurred
earlier—that is, prior to 1990. Thus relative to 1990 UK
reference data, the children in our sample tend to be heavier,
while the infants do not differ significantly. The data of
Mellits and Cheek comprise children representative of UK
1990 reference data, but their infants have SD scores
significantly negative. It is not possible to conclude from
this disparity whether contemporary infants are more or less
healthy than those in previous decades. The important issue
for our study is that, in both infants and children, there is a
disparity in weight status between the subjects used to derive
our equations, and those studied in previous decades.
Secular trends in size and body composition have therefore

altered the relation between anthropometry and TBW, so that
in the infants and children of our sample, for any given
weight, a greater proportion of that weight is fat.
Consequently, prediction equations derived in previous
decades systematically overestimate TBW in contemporary
infants and children. This effect was apparent even though
our sample did not have a high level of obesity, and average
BMI SDS was close to zero (0.2 SDS), though consistently
higher at around 0.4 to 0.5 SDS from 5 years of age.
Two of the old equations showed a significant sex

difference in accuracy, with a greater bias in girls compared
to boys. This is consistent with the scenario described above,
in which the trend towards increased fatness is stronger in
contemporary girls than in boys.11 However, the difference
may also relate to the over-recruitment of boys in the older
datasets. Overall, 67% of the Mellits and Cheek sample were
male, with this bias particularly evident in infants ,1 year

Table 2 Agreement between TBW values measured using deuterium dilution and predicted from anthropometry using
published equations

Absolute values (litres) Relative values (%) Correlations (r)�

Bias ¡2SD p value Bias ¡2SD p value TBW Age BMI SD score

Friis-Hansen (1957) 1.0 3.5 ,0.0001 11.5 25.1 ,0.0001 20.34* 20.32 0.16*
Mellits and Cheek (1970) 0.3 2.8 ,0.0001 4.0 18.5 ,0.0001 20.10* 20.06 0.06
Morgenstern et al (2002) 0.9 4.3 ,0.0001 7.0 18.0 ,0.0001 0.07 0.10* 0.13*

*p,0.05.
�Correlations between bias and other factors (magnitude of TBW, age, and BMI SD score).
SD, standard deviation.
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(73% male).6 Body composition differences between the sexes
are already present at birth and continue through child-
hood,25 26 hence the lack of females would have biased the
data towards larger TBW for a given weight.
The subjects who comprised our sample were measured

over a period of 12 years, with the infants and toddlers
measured during 1990–95, and the majority of the children
over 4 years measured after 1995. This is a potential limita-
tion of our study, as it is likely that our sample differentially
reflects the effect of the obesity epidemic according to when
particular age groups were measured. For example, the aver-
age BMI SDS was 0.59 in adolescence, but 20.07 in infancy.
Nevertheless, individual children tend to rise through the
BMI centiles as they grow older. Thus, the greater BMI SDS
of the older children may be attributable to a combination of
their own age, and the interaction of that age with the period
when they were studied. Our cross-validation assessment
indicated that TBW was predicted without mean bias in
children aged 3–11 years; however there was a small but
significant correlation between the bias and age.
Our data also derive from a single region of the UK, with

all infants and the majority of the children measured in
Cambridge. This sample may not be representative of the UK,
or indeed other populations overseas. In terms of the secular
trends in body weight that we have identified relative to the
previous published data, we believe such differences are
likely to apply broadly to the UK population as a whole, with
trends over time being greater than contemporary differences
between regions. We are unaware of any UK studies
reporting downward secular trends in children’s weight and
BMI, so our newer equations enable clinicians to take into
account this general trend towards greater weight and
fatness. Nevertheless, the relation between weight and fat
content may continue to change, and our equations may be
biased in specific ethnic groups. The cross-validation of our
equations, using 35 children measured in the last six months,

showed a non-significant mean bias in both boys and girls.
However, in individuals, bias was weakly but significantly
related to both BMI SDS and age, suggesting that even over a
10 year period, the relation between weight and fatness has
continued to alter.
A related issue concerns the accuracy of predictive values

in individuals as opposed to populations. Our best equation,
based on data on weight, height, age, and sex, has a
predictive error of ,8%, despite the high r2 value of 0.99.
Thus, predicted values for TBW may lie within ¡16% of the
actual value, and it can be seen that there remains a real need
for body composition methods more accurate than anthro-
pometry that are suitable for routine clinical application.
Thus, our study can only address population trends in body
composition, and predictive equations inevitably have a
significant margin of error in individuals.
Nonetheless, our findings have important implications for

paediatric clinical practice, regardless of the approach by
which treatment is adjusted for size. Although in some
contexts dosage errors of ¡10% may have no detrimental
effect, it is recognised that accurate prediction of TBW is
required for effective dialysis. Bearing in mind the cautions
discussed above, our new equations may be considered
appropriate for infants and children (11 years. At present,
we have too few data points for adolescents to make
equations for this age period with sufficient confidence;
however we retained those data available within this age
group (n=64) in order to improve the fit of our equations
towards the end of the pre-pubertal period.
Many components of paediatric clinical management are

adapted from approaches originally determined in adults.
This gives rise to the dilemma of how to calculate the
requirements of younger age groups, with their different
body proportions and higher rates of metabolism. Among the
variables used to predict requirements are weight or height,
predicted surface area, and predicted TBW. The optimal

Table 3 Relative biases (%) in prediction equations according to age group and sex

Boys Girls 0–0.99 years 1–4.99 years 5–11 years

Bias SD Bias SD Bias SD Bias SD Bias SD

Friis-Hansen (1957) 9.3* 8.8 13.4 12.3 12.6 9.4 5.5 10.3 7.3 12.8
Mellits and Cheek (1970) 2.1* 9.3 5.8 8.9 5.5 10.3 2.9 8.6 3.3 7.8
Morgernstern et al (2002) 7.2 9.2 6.8 8.8 8.7 8.0 4.3 8.5 3.6 7.3

*Significant difference between boys and girls, p,0.001.
All biases significantly different from zero, p,0.0001.

Table 4 Regression statistics for the prediction of lnTBW from anthropometry, age, and
sex (n = 672)

Predictor Coefficient SE of coefficient t p
Standard error
of the estimate r2

Constant 20.427 0.012 234.1 ,0.0001 0.095 0.985
LnWT 0.963 0.005 194 ,0.0001

Constant 27.329 0.052 2140 ,0.0001 0.112 0.980
LnHT 2.093 0.012 181 ,0.0001

Constant 23.12 0.180 217.3 ,0.0001 0.082 0.989
LnWT 0.593 0.025 23.9 ,0.0001
LnHT 0.812 0.054 15.0 ,0.0001

Constant 22.952 0.175 216.8 ,0.0001 0.078 0.990
LnWT 0.551 0.025 22.1 ,0.0001
LnHT 0.796 0.052 15.4 ,0.0001

Female sex 20.047 0.006 27.7 ,0.0001
Age 0.008 0.002 4.4 ,0.0001

Weight in kg; height in cm; age in years; ln = natural log.
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method remains unknown, and surprisingly little attention
has been directed to this issue.
As noted previously,1 surface area calculations are insensi-

tive to changes in the proportion of body weight that is
metabolically active. For example, males and females of
identical weight and height will have the same calculated
surface area, if anthropometric predictive formulae are used,
despite the fact that their body composition is likely to be
different.27 Surface area equations are also insensitive to
changes in hydration status, and inappropriately respond to
weight gain and fluid retention equally.27 The same limita-
tions obviously apply to use of body weight alone.
The use of equations which predict TBW can overcome one

of these limitations, since this approach aims to assess more
directly the metabolically active component of weight, and can
take into account the effects of sex and age on this association.
However, predicted TBW cannot address variability in hydra-
tion status, nor the effects of conditions such as lipodystrophy
which may alter the relation between weight and fatness.
Thus, we suggest that the prediction of TBW is more sensi-

tive than other approaches to variability in body composition,
and is likely to improve clinicians’ ability to tailor treatment to
size. However, any prediction equations are specific to the
population that generated them, and the association between
anthropometry and TBW will alter in response to secular
trends in nutritional status. Thus, these equations are likely to
require periodic updating if epidemiological surveys show
continued increases in children’s body weight.

Conclusion
The main finding of our study is that widely used equations
for the prediction of TBW in paediatric clinical practice are
biased, and significantly overestimate TBW, especially in
infants and in girls. These biases are attributable to secular
trends in the nutritional status and body fatness of infants
and children, which increases the proportion of fat in weight
and therefore reduces the proportion of water. Thus, we
argue that the use of anthropometry to predict treatment
requirements is confounded by secular trends in the relation
between weight and body composition. We have produced
new equations for the age range birth to 12 years; however
further work is needed to address adolescents, particularly
given the changes in fatness that are characteristic of
puberty. Furthermore, a cross-validation sample indicates
that the relation between weight and fatness continues to
change. While our equations are an improvement on those
published several decades previously, accurate prediction of
body composition will be achieved only through alternative
more direct approaches.
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APPENDIX: WORKED EXAMPLES

N Boy aged 4.4 years, weight 17.0 kg, height 106 cm, sex
scored as zero:

lnTBW = 22.952 + (0.5516 ln17) + (0.7966 ln106) +
(0.008 6 4.4)

= 2.36

TBW (l) = 10.55

N Girl aged 0.23 years, weight 5.95 kg, length 62 cm, sex
scored as 1:

lnTBW = 22.952 + (0.551 6 ln5.95) + (0.796 6 ln62)
2 0.047 + (0.008 6 0.23)

= 1.27

TBW (l) = 3.56
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Ethics and paediatric research

In medical research on human subjects, considerations related to the well being of the
human subject should take precedence over the interests of science and society.

World Medical Association (WMA), Helsinki Declaration, 2000.
People with parental responsibility…cannot agree to any intervention contrary to the
child’s best interests.

British Medical Association (BMA), 2004.
A research procedure which is not intended directly to benefit the child subject is not
necessarily either unethical or illegal.

Royal College of Paediatrics and Child Health (RCPCH), 2000.
We believe that research in which children are submitted to more than minimal risk with
only slight, uncertain or no benefit to themselves deserves serious ethical consideration.

RCPCH, 2000.
When there is ethical and scientific justification to conduct research with individuals
incapable of giving informed consent, the risk from research interventions that do not hold
out the prospect of direct benefit for the individual subject should be no more likely and not
greater than the risk attached to routine medical or psychological examination of such
persons. Slight or minor increases above such risk may be permitted when there is an
overriding scientific or medical rationale for such increases and when an ethical review
committee has approved them.

Council for International Organizations of Medical Sciences (CIOMS), 2002.

I
n discussing the ethics of research involving children incapable of giving informed
consent, S D Edwards and M McNamee (J Med Ethics 2005;31:351–4) examine the
guidance offered by the BMA, the RCPCH, and the CIOMS in the light of the WMA

Helsinki Declaration; they regard the latter as the reference standard. In support of the
WMA they quote Kant; you should:

…always treat humanity, whether in your own person or in the person of any other, never
simply as a means, but always at the same time as an end.

They conclude that the BMA, RCPCH, and CIOMS statements are incompatible with the
WMA declaration and too permissive.
They take the BMA to task for stating that an intervention should not be contrary to the

child’s best interests; it should, they say, be in the child’s best interests. They point to a
change in the RCPCH guidelines for research not beneficial to the individual child; such
research involving (for instance) venepuncture was initially considered unethical but now
only ‘‘deserves serious ethical consideration’’. The CIOMS guideline clearly allows research
procedures that involve a low degree of risk. Edwards and McNamee question the possibility
of therapeutic research (research of direct benefit to the participant). If, as they seem
inclined to accept, all research is non-therapeutic and any discomfort or risk is counter to the
individual’s well being, then it follows that all clinical research falls foul of either the WMA
(the well being of the subject) or Kant (means to an end). They insist, however, that they
have ‘‘refrained from advancing this radical claim’’. [The extract from Kant seems to deny
the possibility of any valid consent for non-therapeutic research since it is using people as ‘‘a
means to an end’’; but it seems doubtful that Kant was thinking of research on children (or
any other kind of research) when he wrote it. (It also seems to rule out any form of
altruism.)] They call upon the BMA, the RCPCH, and the CIOMS to square their views with
those of the WMA.
Edwards and McNamee begin their article by listing reasons why research on young

children is desirable; they then stop barely short of calling it unethical. Something’s got to
give. Are the views of the WMA and the other three bodies as incompatible as these authors
imply? It seems to me that they are not. What, after all, are ‘‘considerations relating to the
well being of the human subject’’ and does ‘‘take precedence over’’ necessarilymean preclude?
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